Rationale: Navajo children living on the reservation have high rates of asthma prevalence and severity. Environmental influences may contribute to asthma on the Navajo Nation and are inadequately understood.
Indian/Alaska Native children have asthma, as compared with 8.6% of children in the U.S. general population (3) . Asthma morbidity also appears to be higher among American Indian/Alaska Native children, with 67.3% reporting an asthma attack in the past 12 months, as compared with 60.7% of the U.S. general population (3) . In 2013, the Navajo Nation Epidemiology Center surveyed the Chinle Agency and found that 14.2% of respondents reported ever having been told by a health professional they had asthma, and 11.0% of respondents reported having a current asthma diagnosis (4).
Health disparities for American Indian/ Alaska Native children with asthma living on the reservation include poverty, limited access to specialty care, and environmental challenges, which include high levels of indoor and outdoor air pollution.
The Navajo reservation is located in the southwestern United States and spans a geographic area of more than 27,000 square miles (5) . The reservation is positioned across six counties and three states and consists of multiple U.S. census blocks, which presents numerous challenges with epidemiological data collection and analysis (6) . Tribal-specific data composed by the U.S. government are limited, and most data collected by the Navajo Nation are not publicly available to researchers. The Navajo Nation is the most populous of all Indian Nations, with more than 250,000 individuals; approximately 44% of the Navajo population are children younger than 19 years of age (n = 117,769) (5, 7). The southwest Indian Health Services region, which includes the Navajo Nation, reports the highest rates for asthma hospitalizations among the six Indian Health Services regions (10.0 per 10,000 population; range, 1.8-10.1 per 10,000 population) (8) .
The physical environment on the Navajo reservation may disproportionately expose children to risk factors for increased childhood asthma prevalence and severity. Indoor use of wood-burning stoves is suspected to be common; otherwise, information about potential asthma-relevant environmental determinants remains sparse. In this review, we sought to integrate the known literature on indoor and outdoor air quality specific to the Navajo reservation and highlight the issues that impact these risks, while acknowledging the historic impact of environmental injustices that may influence increased pediatric asthma prevalence and severity among Navajo children living on the reservation.
Methods
A protocol adapted from PRISMA (Preferred Reporting Items for Systemic Reviews and Meta-Analyses) guidelines (see Table E1 in the online supplement) was developed to systematically guide the abstract selection process. A comprehensive search was conducted in four databases (Table 1) . Abstracts yielded by the search were scanned by both the primary author (A.A.L.) and senior author (L.B.G.). We selected articles for full review if they met the following inclusion criteria: 1) a peerreviewed study, 2) published in the Englishlanguage, 3) the target population was the Navajo Nation or American Indian/Alaska Native (AI/AN), 4) content was specific to asthma or chronic respiratory illnesses, and 5) research addressed an indoor or outdoor environmental risk factor of asthma or respiratory disease. The primary reason articles were excluded from full review was that the content did not address an environmental risk factor of childhood asthma on the Navajo Nation or in an AI/AN population. A hand search was also conducted by reviewing the reference lists of articles as well as consultation with experts in the field. Figure 1 illustrates the abstract and full-text selection process of articles included in this review. The last search was completed on November 1, 2017. Where no peer-reviewed literature was found, we briefly discussed potential indoor and outdoor environmental risk factors as suggested by the non-AI/AN-and non-Navajo-specific literature.
Results
Out of 220 screened abstracts, only 8 articles met our inclusion criteria for review. Four articles were specific to the Navajo population, and four included all AI/AN (Table 2) . Table 3 summarizes the environmental exposures (i.e., indoor and outdoor) suspected of affecting asthma development, severity, and exacerbation among children.
Indoor Air Quality/Exposures
There is ample literature investigating the connection between indoor air pollution and poor respiratory health. Particulate matter (PM) less than or equal to 2.5 mm in aerodynamic diameter (PM 2.5 ) and PM less than or equal to 10 mm in aerodynamic diameter (PM 10 ) are associated with asthma severity and morbidity and acute lower respiratory infection (9, 10) . Indoor pollution poses a great risk to children because of their increased respiratory rate, developing immune systems, and narrower airways (11) .
Wood-burning stoves. Approximately 49% of homes lack electricity on the Navajo reservation, and 89% of Navajo families rely on biomass combustion as an economic and primary source of heat (6, 12) . Prior research indicated that children residing in rural locations without access to clean fuels have higher mortality rates than children residing in rural locations with cleaner fuels (13) , and exposure to indoor combustion sources increases the risk of asthma and asthma severity in children (14) . Toxic pollutants including PM, carbon monoxide, oxides of nitrogen, and volatile organic carbons are present in wood smoke (15) . In addition, wood-burning stoves are sometimes used to burn alternative materials for heat, which may increase the health-damaging effects of indoor air pollution. A survey conducted by 
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Bunnell and colleagues found that 77% of Navajo homes (n = 137) used an indoor woodstove for heating, and 25% of homes burned coal in woodstoves not designed for higher combustion temperatures. Ninetyone percent of these stoves had visible cracks, fissures, holes, or insufficient ventilation, and 26% of these stoves were more than 10 years old (16) . Yet, there is limited research specific to Navajo children regarding indoor wood stoves and their impact on asthma, despite the large proportion of reservation families that rely on biomass combustion for domestic heat. Our systematic search revealed two studies specific to Navajo children that discussed woodstoves, indoor biomass combustion, and respiratory infections. Morris and colleagues investigated wood-burning stoves and lower respiratory tract infections in Navajo children 24 months of age or younger (17) . Fifty-eight children with diagnosed pneumonia or bronchiolitis were matched with a control child of identical sex and age. Parents were interviewed about environmental exposures inside the home. The authors concluded that wood-burning stoves were independently associated with a higher risk of respiratory infections (odds ratio [OR], 4.2; P , 0.001) (17) . Robin and colleagues subsequently examined acute lower respiratory tract illness in Navajo children (18) . Children with acute lower respiratory tract illness were matched with control subjects who had a health record at the same hospital and had never been hospitalized for acute lower respiratory tract illness (n = 45). Findings suggested that wood-burning stoves were associated with an increased risk of acute lower respiratory tract illness (OR, 5.0; 95% confidence interval [CI], 0.6-42.8), but differences were not statistically significant (18) .
Because wood stoves are commonly used on the Navajo reservation, investigating the efficacy and effectiveness of Environmental Protection Agency (EPA)-certified woodstoves is necessary. Recently, Champion and colleagues compared the emission factors (EF) of EPA-certified stoves using four of the most common solid fuel sources used by Navajo families (19) . Ponderosa pine, Utah juniper, Black Mesa (grade C) bituminous coal, and Fruitland (grades B and C) bituminous coal were tested (19) . Controlled emission testing was conducted to determine mass emission factors and energy emission factors. Coal produced much higher emissions than wood, but the Black Mesa variety produced the highest mass emission factors and energy emission factors for PM 2.5 , organic carbon, and carbon monoxide (19) . However, ponderosa pine had the lowest mass emission factors and energy emission factors, with 50% lower PM 2.5 emissions than Utah juniper during the preburn phase, and was recommended over Utah juniper or coal by the research team for wood stove use (19) . These findings suggest that newer, EPA-certified stoves in combination with fuel sources such as Utah juniper may reduce exposure to harmful indoor pollutants that contribute to asthma development.
This review did not identify any studies that were specific to the Navajo reservation SYSTEMIC REVIEW Definition of abbreviations: AI/AN = American Indian/Alaska Native; ALRI = acute lower respiratory tract illness; CI = confidence interval; eEF = energy emission factors; EPA = U.S. Environmental Protection Agency; IHS = Indian Health Services; mEF = mass emission factors; OR = odds ratio; PM 2.5 = particulate matter less than or equal to 2.5 mm in aerodynamic diameter; SD = standard deviation.
and the implementation of woodstove exchange programs; however, such programs have been evaluated in other AI/AN populations. Ward and colleagues evaluated the effectiveness of a wood stove exchange program on the Nez Perce Reservation (20) . Indoor air samples (n = 16) were collected in homes at baseline and after intervention, and homeowners were asked to complete activity and woodburning stove logs. After crude rates were compared, the data indicated a 36% reduction in mean indoor PM 2.5 when older stoves were replaced with newer EPAcertified wood stoves. However, 10 homes demonstrated improved air quality and 6 homes demonstrated reduced air quality after intervention (20) . The authors explained that reduced air quality in these six homes most likely resulted from poor burning practices, such as drying wood on top of the stove, burning wet wood in the stove, or burning incense, thus outlining the importance of incorporating culturally appropriate education with stove exchange programs (20) . Noonan and colleagues also examined the impact of a community-wide woodstove replacement program in 1,110 homes near Libby, Montana (21) . Ambient air quality and parent-reported childhood respiratory symptoms were prospectively measured. The woodstove exchange program resulted in a 27% reduction in outdoor ambient PM 2.5 during the winter months and a reduced odds of parent-reported wheeze in children (OR, 0.73; 95% CI, 0.55-0.97) (21) . A third study conducted by Ward and colleagues used a three-armed randomized, placebo-controlled trial to examine the effectiveness of household-level interventions for improving indoor air quality (22) . Ninety-eight homes with wood-burning stoves were randomized into one of three treatment groups: 1) wood stove replacement, 2) active air filtration unit, or 3) placebo air filtration unit. Indoor PM 2.5 was prospectively measure over two consecutive winters. Findings suggested that the air filtration strategy demonstrated the greatest reduction in PM 2.5 (69% reduction) inside homes (22) .
Indoor cooking. Although no research specific to the Navajo reservation was identified that investigated exposure to domestic pollution from cook stoves, given the limited availability of electricity on the Navajo reservation, it is suspected that many Navajo families rely on indoor wood stoves and open fires for cooking, especially during the winter. A meta-analysis of 25 studies found a significant association between indoor biomass exposure and acute respiratory infection in children (OR, 3.53; 95% CI, 1.94-6.43) (23), suggesting that indoor cook stoves disproportionately expose women and children to harmful pollutants because of their traditional roles of cooking in the home (23) . In many cultures, infants and toddlers are exposed to harmful levels of air pollution when they are strapped to their mother's back during meal preparation (23, 24) . The adverse health impacts of biomass smoke exposure have been well established but remain inadequately understood in the United States. Sood and colleagues demonstrated exposure to wood smoke was linked with gene promoter methylation and synergistically increased the risk of reduced lung function in cigarette smokers among a sample of women in New Mexico (25) .
Tobacco smoke. Children exposed to secondhand smoke are at an increased risk for respiratory symptoms, impaired lung function, and lower respiratory illness, and cigarette smoke has been established as a leading risk factor of lung disease and increased asthma severity (26) . Among AI/AN adults 18 years or older, commercial tobacco use was 38.9%, as compared with 16.8% of the general U.S. population (27, 28) , which indicates a higher risk for tobacco smoke exposure among AI/AN children. The Navajo Nation Youth Risk Behavior Survey indicated that 11.4% of Navajo students in sixth, seventh, and eighth grades reported smoking cigarettes on 1 or more of the past 30 days, and 16.4% of students had smoked cigarettes or cigars in the past 30 days (n = 9,152 students) (4). Our review included the work of Reece, which indicated that clinical documentation of tobacco use in Navajo area IHS clinics was 0% (29) . Recently, Nez-Henderson and colleagues found that male sex and younger age were associated with higher odds of cigarette smoking in a sample of southwestern American Indian tribal members (30) . These recent data suggest that cigarette smoking may be on the rise among Navajo youth, but more research is necessary.
Indoor allergens. Allergic asthma is common among children, and exposure to indoor allergens (e.g., dust mite, cockroach, fungi, rodents, cats, dogs) may provoke asthma exacerbation (31, 32) . Coexposures, such as endotoxin's role in allergic asthma and atopy, may also increase childhood asthma prevalence and severity (33) . Padhi and colleagues found a significant 
association between biomass burning and increased indoor endotoxin levels (34) , and the synergistic relationship between endotoxin and diesel exhaust has been associated with increased frequency of wheeze in children (35) . Although the Navajo reservation is a semiarid region and dust-mite and fungal exposures are believed to be low, there is little research to support this notion. We found no literature regarding indoor exposures among Navajo or AI/AN children but propose this is an important area for future investigation.
Outdoor Exposures
Exposure to toxic air pollutants has been associated with increased incidence and severity of asthma, emergency department use, hospital admissions, and use of asthma medications (36) . Since the 1960s, the Navajo reservation has experienced high levels of pollution from coal-fired energy production, mining operations, and blowing dust storms.
Coal-fired power plants. The longrange transport of fine particles found in coal-fired sulfur emissions has been associated with asthma morbidity, increased lower respiratory symptoms, and decreased peak flow (37). Only one study met our review criteria: Bunnell and colleagues completed a multicomponent study comparing the outdoor air quality to the indoor air quality in Navajo homes (n = 20) (16) . The study was conducted near Shiprock, New Mexico where there were two coal-fired power plants nearby; however, industrial activities and motor vehicle use were limited. During the winter months, atmospheric thermal inversions often trapped air pollution low to the ground (16) . Bunnell and colleagues demonstrated that the average indoor ambient PM 2.5 concentration was much greater than the average outdoor ambient PM 2.5 concentration (36.0 mg/m 3 and 9.95 mg/m 3 , respectively), and 9 of the 20 homes had levels far exceeding the EPA guidelines (16) . When examining hospital admission and outpatient visit records (n = 133,759), the respiratory disease burden was much higher in the winter months than the summer months (16) . Interestingly, the power plant emissions were much higher in the summer months, as a result of increased energy demands in the Southwestern United States, which was inversely correlated with the respiratory burden (16, 38) . Bunnell and colleagues determined that coal burning inside Navajo homes was a primary risk factor for respiratory disease burden (16) .
Diesel exhaust. Diesel exhaust has been associated with increased asthma and allergy symptoms, increased asthma exacerbation, and decreased lung function and has been implicated as a causative agent in lung cancer and respiratory disease (39) . Approximately 50 to 94% of diesel particulate matter is classified as fine or ultrafine particulate matter. Diesel particulate matter is highly respirable, coats a large surface area of the lungs, and can easily reach the lower respiratory tract in children (39) . Past studies have indicated that diesel particulate matter and PM 2.5 concentrations within the school bus microenvironment consistently exceed federal air quality standards and do not sufficiently protect children's health (40, 41) . Among urban children living near roadways, diesel "soot" fraction PM 2.5 significantly contributed to PM exposure and was associated with pollution-related asthma exacerbation (42) . Children with longer bus commutes are exposed to increased concentrations of diesel particulate matter, black carbon, and oxides of nitrogen (41, 43) .
We found no literature examining diesel exposure among Navajo or AI/AN children; however, exposure to diesel exhaust and harmful pollutants remains a valid concern in Navajo communities. Many Navajo children travel long distances to school, and more than 83% of roads on the Navajo reservation remain unpaved (44) . The Chinle Unified School District transports 4,200 students, and 60% of the roads in this district remain unpaved (45) . Navajo children in Blanding, Utah spend 4.5 hours per day on the bus, and Monument Valley High School students spend more than 6 hours per day on the bus (46) . Also concerning is the disproportionately high bus failure rate on the Navajo and Apache reservations, which range from 40% to 88%, compared with the statewide average of 21% (45) . Chinle Unified School District had a 41% fail rate (45) , and many failed inspections cited major exhaust leaks entering the school bus cabin (47) .
Mining and dust. Exposure to metals (e.g., copper) has been associated with asthma symptoms and increased risk of asthma in school children (48) . Heavy metals, such as iron, nickel, cadmium, and chromium, are associated with increased wheezing symptoms, and higher blood chromium levels have been associated with increased coughing episodes (49, 50) . Chronic exposure to arsenic in drinking water has also been associated with respiratory complications (51) . Historical uranium mining has also been a concern, as blowing dust from more than 1,200 abandoned uranium mines has been implicated in adverse health effects, which may include respiratory health (52) . A recent study determined that dust storms in the United States are most prevalent in Arizona and southern California (53) . Dust is an important consideration on the Navajo reservation, because overgrazed land and severe drought have promoted desertification and increased the frequency of desert dust storms and wildfires. Currently, mobile sand dunes cover over 30% of the Navajo reservation (54) . Therefore, dust and desertification are unique environmental determinants that may influence respiratory disease in this population.
Discussion
In this review, we systematically searched for peer-reviewed articles but were unable to find a large body of evidence regarding pediatric asthma on the Navajo reservation. Therefore, we integrated literature regarding the environmental exposures (both indoor and outdoor) known to enhance the risk of asthma on the Navajo reservation. Among the environmental risks discussed in this review, the most abundant peer-reviewed literature specific to the Navajo reservation and respiratory illnesses was conducted on indoor air pollution, with an emphasis on exposure to wood-burning stoves and coal combustion. Although exchanging older stoves for newer stoves is one possible solution, the high cost of such interventions may not be feasible for this population. Using more practical and low-cost interventions for families with lower socioeconomic status is important. Community-based participatory research approaches that focus on promoting best burning practices (i.e., ensuring wood is aged and properly seasoned; burning woods that produce less smoke, burn slower, and provide more heat energy) are necessary. Traditional cooking methods (especially if commonly used within the indoor microenvironment) remain a potential area for intervention, considering the large number of Navajo homes that lack access to electricity.
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Diesel exhaust exposure on the school bus is an important future direction for interventions. Exposure to diesel exhaust has deleterious effects on children's health, and protective measures include using newer and more efficient buses for the longest bus routes, limiting school bus idling to reduce exposure, and paving frequently used sections of dusty roads or other road infrastructure improvements.
We also sought literature on other known indoor asthma triggers, such as animal and pest allergens, mold, pollens, endotoxin and tobacco smoke exposure, and ceremonial smoke exposure, but no peerreviewed literature specific to the Navajo reservation was available. Gaps in current research investigating indoor environmental allergens remain an important future direction for researchers, especially as they relate to increased asthma prevalence on the Navajo reservation. Quantifying ceremonial tobacco smoke and cigarette smoke exposure among the Navajo is important, but challenges exist with acquiring this information. Therefore, partnerships with the Navajo Nation and community-based participatory research methods are essential to obtaining accurate information while practicing cultural humility among this population.
Although our integrative review found a scarcity of published literature regarding the environmental factors influencing pediatric asthma in Navajo children, there is some evidence to suggest environmental risks may contribute to the disparate burden of asthma in children on the Navajo reservation. Some of these environmental risks, such as the common use of indoor heat and cook stoves, locale-specific indoor and outdoor allergens and fungi, various forms of personal smoke exposure, and diesel exhaust, are well known and are modifiable. Other potential risk factors such as dust storms, dust from contaminated soil, and coal-fired power plants are less recognized, yet may present additional insidious risks. The lack of published research affects our ability to adequately understand the causes of asthma disparities and plan future interventions.
The historic mistreatment, trauma, environmental injustices, and contraventions against American Indian/Alaska Native people by the U.S. government have led to a general mistrust of research. Some researchers have perpetuated this mistrust by publishing research that used culturally insensitive methods, was not collaborative with local partners, and fundamentally failed to understand the problems and resources of the Tribe. Furthermore, these publications often stigmatized and stereotyped American Indian/Alaska Native people. American Indians and Alaska Natives have experienced poor health outcomes for more than 500 years, and political and economic influences have continually affected the response (55) . Such disparities are often viewed as markers of social injustice that clearly parallel disparities in wealth and power (55) . Therefore, the Navajo Nation has been a leader in the movement by tribes to assert sovereignty in research conducted on the Navajo Nation, who mandate by law a specific process for conducting research on the reservation. Future priorities to address children's asthma, therefore, should be built through sustainable collaboration, including: addressing indoor air pollution from woodburning stoves and coal combustion, diesel exhaust exposure from long bus rides, and understanding the burden of indoor allergens such as animal dander, dust, molds, pollens, and other known triggers of asthma exacerbation. Such future research could inform policy regarding effective ways to improve asthma disparities and be broadly applied to other Tribal reservations and rural populations with similar environmental risk factors. These indoor and outdoor pollutant exposures require further, careful investigation to fully describe and understand their impact on pediatric asthma for the Navajo Nation's children. Ultimately, this information can direct comprehensive interventions to improve outcomes for children with asthma. n Author disclosures are available with the text of this article at www.atsjournals.org.
